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The quiescent H-mode regime for high performance edge localized mode-stable operation in future burning plasmas For the first time, DIII-D experiments have achieved stationary quiescent H-mode (QH-mode) operation for many energy confinement times at simultaneous ITER-relevant values of beta, confinement, and safety factor, in an ITER-like shape. QH-mode provides excellent energy confinement, even at very low plasma rotation, while operating without edge localized modes (ELMs) and with strong impurity transport via the benign edge harmonic oscillation (EHO). By tailoring the plasma shape to improve the edge stability, the QH-mode operating space has also been extended to densities exceeding 80% of the Greenwald limit, overcoming the long-standing low-density limit of QH-mode operation. In the theory, the density range over which the plasma encounters the kinkpeeling boundary widens as the plasma cross-section shaping is increased, thus increasing the QHmode density threshold. The DIII-D results are in excellent agreement with these predictions, and nonlinear magnetohydrodynamic analysis of reconstructed QH-mode equilibria shows unstable low n kink-peeling modes growing to a saturated level, consistent with the theoretical picture of the EHO. Furthermore, high density operation in the QH-mode regime has opened a path to a new, previously predicted region of parameter space, named "Super H-mode" because it is characterized by very high pedestals that can be more than a factor of two above the peeling-ballooning stability limit for similar ELMing H-mode discharges at the same density. V C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4921406]
I. INTRODUCTION
The quiescent H-mode (QH-mode) edge regime 1 addresses several requirements for operation in ITER 2 or a reactor: it avoids the pulsed edge localized mode (ELM) power fluxes to the plasma facing components (PFCs), the role of the ELMs for edge particle transport being replaced, usually, by an "edge harmonic oscillation" (EHO); it operates at ITER's values of collisionality and beta; it enables excellent energy confinement quality, necessary for high fusion performance, even at the very low plasma rotation expected for ITER; it improves the plasma stability by avoiding ELM-triggering of tearing modes, which is particularly severe at the relatively low rotation expected for ITER. The discharge in Fig. 1 illustrates several of these features.
However, extrapolation of the QH-mode to ITER or other burning plasma experiments is still uncertain, since the physics basis of QH-mode is not fully developed and validated. This paper discusses several recent experimental and modeling results that have increased our confidence in achieving QHmode for high confinement, ELM-stable operation in ITER: For the first time, QH-mode has been achieved and maintained in an ITER-like cross section shape at a level of normalized fusion performance correspondent to Q ¼ 10 in the ITER Baseline scenario. Also for the first time, QH-mode operation has been extended to ITER-relevant values of normalized density. This has led to the discovery of an edge regime previously predicted by peeling-ballooning (P-B) theory, called Super Hmode, because it is characterized by about twice the edge pedestal pressure possible in standard H-mode at high pedestal density. Thus, these experiments have provided new benchmarking of the P-B theory. In addition to successfully predicting access to Super H-mode, the theory successfully predicts the dependence of QH-mode density thresholds on the plasma cross-section shaping. Applied to ITER, this theory predicts that the ITER edge will operate on the pedestal stability boundary where QH-mode can exist. In a complementary effort, nonlinear magnetohydrodynamic (MHD) simulations confirm the hypothesis that the EHO consists of saturated kink-peeling modes. The nonlinear modeling and new measurements have also yielded the first evidence that these saturated modes lead to an ergodic layer at the plasma edge, just inside the separatrix. These results are essential steps on the path to predictive modeling of the EHO and its effect on the edge particle transport. Finally, recent experiments have measured impurity transport rates during QH-mode operation and show that QHmode particle transport is fast enough for impurity exhaust without ELMs. Invited speaker. c) Author to whom correspondence should be addressed. Electronic mail:
garofalo@fusion.gat.com
The paper is organized as follows. The next section (Sec. II) discusses the development of QH-mode operation for ITER Baseline target performance (Q ¼ 10), including low rotation. Section III discusses the development of QHmode operation at high density, both absolute and normalized. Section IV reviews progress in developing a predictive understanding of QH-mode for operations in future burning plasma devices, in particular, ITER. Section V briefly discusses QH-mode impurity transport. Section VI presents the summary and conclusions.
II. DEVELOPMENT OF QH-MODE OPERATION FOR ITER BASELINE TARGET PERFORMANCE (Q 5 10), INCLUDING LOW ROTATION
At high rotation, robust QH-mode edge operation can be obtained in an ITER similar shape and at ITER baseline parameters of b N , H 98y2 , and q 95 . b N ¼ b=ðI p =aBÞ is the normalized b, where b ¼ hpi=ðB 2 =2l o Þ is the dimensionless plasma pressure, I p the toroidal plasma current, a the plasma minor radius, and B the magnetic field strength. H 98y2 is the confinement enhancement factor with respect to the ITER9y82 H-mode confinement scaling, 3 and q 95 is the value of the safety factor, q, at the 95% flux surface. An example QH-mode discharge with normalized fusion performance equivalent to Q ¼ 10 in ITER is shown in Fig. 2 , compared to a standard ITER baseline scenario discharge with nearly same toroidal field ($1.9 T). The QH-mode discharge uses strong neutral beam injection (NBI) torque in the direction counter to the plasma current (counter-I p NBI). The standard scenario uses strong co I p NBI torque, and has ELMs. It is useful to look at the differences in the profiles. Because of the plasma formation using strong counter-I p NBI, the QHmode scenario normally exhibits a q-profile with negative central magnetic shear (NCS) and q min ! 1, while a monotonic q-profile with q min $ 1 (sawtoothing) is obtained in the standard scenario using co-I p NBI torque. Also, density is much lower in the QH-mode scenario, but the temperature is much higher, yielding the same beta but much lower (and ITER similar) collisionality in QH-mode. Low collisionality may be implicated 4 in the strong pressure peaking of these QH-mode discharges. Note that the same pedestal height is obtained in QH mode and ELMing scenarios.
At low rotation, plasma operation at ITER baseline parameters of b N , H 98y2 , and q 95 is quite challenging. As mentioned in the Introduction, the rotation in ITER is expected to be quite low. The plot in Fig. 3 shows the rotation predicted for ITER 5 compared to the rotation in the discharges of Fig. 2 . The ITER rotation is about an order of magnitude slower. Note, in addition, that this rotation is low compared to normal operation in any other present day machine, with or without NBI. The rotation predicted for ITER is very low despite the large NBI torque ($35 Nm), when compared to present machines, because the moment of inertia is expected to increase with machine size much more rapidly than the angular momentum confinement time. In Ref. 6 , we estimated that the equivalent NBI torque on DIII-D to generate an ITER-like rotation is $0.5 Nm in the co-I p direction. When on DIII-D we reduce the torque to approach this ITER-equivalent value, the plasma duration is usually limited by locked modes in both ITER baseline scenario versions: standard ELMing and QHmode. In recent work, the standard scenario has made good progress toward reproducible ELMing discharges at lower torque. 7 However, this progress is so far limited to operation at high collisionality above the ITER target range.
The challenge of QH-mode operation at low NBI torque and plasma rotation is peculiar to the condition with parameters of b N , H 98y2 , and q 95 simultaneously matching the ITER Baseline targets. At lower b N ($1.6) and higher q 95 ($5.5), QH-mode edge has been maintained with NBI torque smoothly going from counter-I p to co-I p , as shown in Fig. 4 . Note how the coherent EHO disappears at small rotation and only broadband MHD remains. Still, broadband MHD provides sufficient edge transport to avoid ELMs as the discharge goes through zero rotation.
At the ITER Baseline b N value of $2, but still higher q 95 (>4) than ITER Baseline, QH-mode edge also has been maintained with NBI torque smoothly going from counter-I p to co-I p , as shown in Fig. 1 , but only with the help of the counter-I p torque driven by static n ¼ 3 nonresonant magnetic fields (NRMFs), which on DIII-D can be applied using non-axisymmetric coils internal to the vessel (I-coils) 6 or external (C-coil). 8, 9 As q 95 is reduced toward ITER Baseline value of $3, higher NBI torque is required to avoid n ¼ 1 locked modes and maintain stable operation, as shown by the experiments illustrated in Fig. 5 . In these QH-mode discharges with similar b N but different q 95 , the NBI torque magnitude is ramped down toward zero, while an n ¼ 3 NRMF is applied. At q 95 $ 3:3, a threshold NBI torque of magnitude $4.5 Nm is observed, at which point an n ¼ 1 locked mode terminates the high beta phase.
In an effort to address the n ¼ 1 locked mode problem, recent experiments have extended the use of dynamic error field correction (DEFC) 10 to the relatively low values of b N of the ITER Baseline scenario. DEFC is the technique of maintaining tokamak axisymmetry by exploiting the changing plasma response to error fields, using a feedback system with magnetic sensors to control non-axisymmetric compensation coils. In previous successful uses, this technique exploited the strong increase in plasma response observed when the plasma beta increases from below to above the no- wall MHD stability limit. With b N below the no-wall limit in the ITER Baseline scenario experiments, DEFC can utilize the significant change in plasma response observed across the transition from low power L-mode confinement phase to higher power H-mode confinement phase. Figure 6 shows that a static n ¼ 1 magnetic field is observed to grow when b N increases from 0.5 in the Lmode phase to $2 in the H-mode phase. This n ¼ 1 magnetic field is interpreted as plasma amplification of uncorrected n ¼ 1 error fields, in this case mostly due to an n ¼ 1 sideband of the n ¼ 3 field from the C-coil. The sideband is small (3.6% of the n ¼ 3 field amplitude, giving $4 Gauss of n ¼ 1 radial field at the outboard midplane in this case), but is amplified significantly by the plasma, even at the moderate beta of the ITER Baseline scenario. When the feedback system is turned on (just before the L-H transition and after the plasma current has reached flattop), the sensor signals are reset. From this point on, the error field is mostly unchanged, so only changes in the plasma response to the seed error field are measured. However, as it aims to reduce the plasma response, DEFC actually corrects the seed error field. Using a large feedback gain, only two discharge iterations were necessary for DEFC to nearly eliminate the n ¼ 1 error field.
Improved error field correction does enable operation down to lower NBI torque (magnitude $2 Nm), but a new MHD instability is observed before the NBI torque can be stably lowered to zero. Figure 7 has several time traces for a torque ramp-down QH-mode discharge with optimal error field correction. The frequency spectrogram of the signals from magnetic sensors shows the EHO, with dominant toroidal mode number n ¼ 3, and an n ¼ 1 mode that is destabilized around t ¼ 3:5 s. The n ¼ 1 mode eventually locks, ending the high performance phase. Ideal MHD stability analysis finds an n ¼ 1 kink mode calculated to become more unstable as q min approaches 1. This is an external mode with a beta threshold, not the beta-independent internal kink that MHD stability codes find when q min is at or below 1. The beta limit is predicted to reduce to the observed experimental beta value right around when the n ¼ 1 mode is destabilized in the experiment.
Stability analysis leads to identifying this mode as an "infernal" mode, 11 that is a quasi-interchange-like mode driven by large core pressure gradient and weak magnetic shear with q min $ 1. The severe impact of the infernal mode on the beta limit has been observed in many tokamaks.
12-14 Figure 8 shows the equilibrium pressure and safety factor profiles, and the poloidal decomposition of the n ¼ 1 mode displacement, calculated by the ideal MHD stability code GATO. 15 Notice the large m ¼ 1 component, even in the absence of a q ¼ 1 surface, but also the external components. Also, notice the peaked pressure and the slight negative central magnetic shear, with q min $ 1.
To investigate the stability of this mode, new equilibria were constructed starting from the experimental equilibrium, and changing slightly the q-profile to go from NCS (experimental) to monotonic, and the pressure profile to go from peaked (experimental) to broader. All q-profiles have the same q min and this is above 1. All 12 combinations of 6 q-profiles shown in Fig. 9 (a) and 2 pressure profiles shown in Fig.  9 (b) were analyzed. For each combination, the b N stability limit is found by generating a series of new equilibria with increasing pressure at fixed q-profile, using the CORSICA code. 16 The b N stability limit calculated with no wall and with an ideal wall at the position of the DIII-D vessel is shown for each of the 12 combinations of profiles in Fig. 9(c) . As the q- 
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profile is modified toward less NCS, the beta limit moves away from the experimental beta value. For the broader pressure profile, stability also increases with decreasing NCS, and the gain in stability from the ideal wall is stronger than for the peaked (experimental) pressure profile. These stability features are consistent with this instability being an "infernal" mode.
These studies inform the direction for future experiments: to improve the stability of the infernal mode, future experiments should try to reduce the pressure peaking, for example, by increasing density and collisionality, or by approaching q min ¼ 1 with a monotonic q-profile, rather than a weakly reversed one. In the experiments discussed in this paper, the weakly reversed central magnetic shear is due to the plasma formation approach that uses strong counter-I p NBI during the L-mode phase, to enable robust QH-mode access. Forming the plasma with strong counter-current drive in the core tends to create a hollow current density profile. In order to avoid the NCS q-profile, a plasma formation approach using balanced or slightly co-I p NBI should be adopted. This is also a necessary step toward a plasma formation approach that is relevant for ITER.
III. DEVELOPMENT OF QH-MODE OPERATION AT HIGH DENSITY
Until recently, the highest density QH-modes on DIII-D were at relatively low Greenwald fractions (f G 0:6) compared with ITER Baseline (f G $ 0:85). Here, f G ¼ n e =n G , where n G ¼ I p =pa 2 is the Greenwald density limit 17 for plasma current I p in MA and minor radius a in m. To improve the confidence that QH-mode can be accessed in ITER at high Greenwald fraction, recent experiments have investigated the physics of the QH-mode density threshold. In order to better understand the results, it is useful to first discuss the working theoretical model of QH-mode and the EHO. Over many years, DIII-D experiments have shown that the operating point of QH-mode discharges is always near but below the low n kink-peeling mode stability boundary in the standard H-mode pedestal stability diagram of edge current versus edge pressure gradient, shown in Fig. 10 . 18 One feature of the kink-peeling boundary is that rotation shear is destabilizing for modes along kink-peeling boundary. 19 This has led to the hypothesis that the EHO is a nonlinearly saturated kink-peeling mode: in the presence of high edge rotation shear, a kink-peeling modes is destabilized before the edge operating point reaches the no-rotation boundary, and can then saturate as the mode growth reduces rotational shear. Mode-driven transport also reduces other drive mechanisms such as pressure gradient and bootstrap current. This transport may also contribute to the nonlinear saturation of the kink-peeling mode, leading to the EHO. Typically, on DIII-D, operation near kinkpeeling boundary is obtained at low density. However, P-B theory predicts that plasma cross-section shaping strongly affects the H-mode pedestal stability space. 19 The stability space is predicted to expand with triangularity, enabling operation near kink-peeling boundary at higher density and pedestal pressure. As a consequence, with weak cross section shaping QH-mode may be accessible only at low density while, with stronger shaping, QH-mode may be accessible at higher density (Fig. 4 in Ref. 19) .
Previous experiments had already shown that increased plasma cross-section shaping enabled higher density QHmode. 20 However, those experiments did not use gas puffing and so could not increase the density enough to reach the high Greenwald fraction of ITER. The decision not to use gas puffing in previous highly shaped discharges is historical: a consequence of the low-density threshold for QHmode in weakly shaped plasmas. In the recent experiments, gas puffing was used to probe upper limits of QH-mode operation in two different plasma cross-section shapes. 21, 22 At high triangularity, it was found that QH-mode operation is compatible with high density and high Greenwald fraction. Once the EHO is established, the QH-mode edge can be robust against strong gas puffing. Figure 11 shows that the QH-mode density was raised up to f GR ! 0:8, significantly above usual operating point, thus demonstrating that low density is not a requirement of QH-mode operation.
These experiments also confirm a strong dependence of the QH-mode density threshold on triangularity. Figure 12 shows a summary of results from experiments with different plasma triangularity and different plasma current, at constant toroidal field. For each plasma current, plasmas with strong shaping and high triangularity maintain QH-mode at about twice the density of plasmas with reduced triangularity. Thus, the working model of the EHO based on P-B stability theory of the H-mode pedestal successfully predicts the behavior of the QH-mode density threshold versus cross section shaping.
In addition, P-B theory predicts that, at high density and strong shaping, the pedestal height can have multiple solutions. 23 Figure 13 shows the theoretically predicted pedestal height versus the pedestal density. These are results from the pedestal stability code EPED, 24 which predicts pedestal height and width with no free parameters from the intersection of kinetic ballooning and P-B stability boundaries. At low triangularity d ¼ 0, peeling and ballooning modes are fairly coupled. Increasing the triangularity decouples the peeling from ballooning modes, eventually opening a valley in pedestal stability at high density. Here, there are two pedestal height (and width) solutions. The higher solution is what has been called Super H-mode. 25 Constant density trajectories of increasing pedestal height (dashed line 1) lead to the usual H-Mode solution. The Super H-mode regime can FIG. 10 . Typical H-mode pedestal stability diagram versus edge current and edge pressure gradient. Blue and red indicate stable and unstable regions assuming no rotation. Operation is delimited by a boundary to low-n kink peeling modes at lower density, and a boundary to medium n ballooning modes at higher density. The dashed purple lines sketch out the destabilizing effect on the low-n peeling modes of edge rotation shear. The EHO is usually observed near but below the low-n kink-peeling boundary. 
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be reached with sufficient triangularity by an optimization of the pedestal height versus density trajectory (dashed line 2), that is, by first establishing H-mode at lower density, and then increasing density along the P-B boundary. The Super H-mode regime should exist regardless whether the plasma edge is ELMing or QH-mode; QH-mode, however, is an ideal vehicle to navigate the Super H-mode stability valley, since a large ELM may send the pedestal below the lower stability boundary.
It is during the investigation of the density limit for QHmode operation that the first demonstration of Super H-mode access on DIII-D was obtained. 21 By simultaneously injecting gas and increasing the NBI power, both pedestal density and pressure are increased, as shown in Fig. 14 . The pedestal pressure reaches very high absolute values $20 kPa with pedestal density $8 Â 10 19 m À3 . Eventually ELMs return, and after a couple of large ELMs, the pedestal bifurcates to a state with similar density but lower pressure, demonstrating that indeed at high density there are two solutions for the pedestal height: the Super H-mode solution and the lower pressure standard H-mode solution. Note that according to the EPED predictions (Fig. 13) , with increasing density the Super H-mode solution can attain a pressure about double that of standard H-mode for the same density. Very high pedestal pressure should enable both high confinement and higher beta limit (broader profiles), leading to high fusion performance. Indeed, these experiments achieved b N $ 3, the highest b N for QH-mode edge operation. 22 
IV. DEVELOPING A PREDICTIVE UNDERSTANDING OF QH-MODE FOR ITER OPERATIONS
The experiments discussed in Sec. III have shown that, consistent with P-B theory predictions, access to QH-mode is not limited to low Greenwald fraction, and that collisionality, via its effect on the bootstrap current and thus on the pedestal stability, is a key parameter for QH-mode access. At low collisionality, the pedestal can operate on the P-B boundary, where QH-mode can be accessed. Also, the experimental observation of the theoretically predicted Super Hmode regime is a remarkable validation of the P-B theory embodied in the code EPED. Applied to ITER, EPED stability calculations predict that the ITER pedestal will be in the QH-mode parameter range of beta and collisionality. 26 Furthermore, the calculations predict access to Super Hmode for ITER's target triangularity. 25 Figure 15 shows that for nominal target density (1 Â 10 20 m À3 ) and a range of possible Z eff , the H-mode pedestal in ITER plasmas will operate on the kink-peeling boundary, where QH-mode can exist. With access to the Super H-mode regime, ITER could continue to operate on the kink-peeling boundary (which allows QH-mode) at significantly higher density and pedestal height than the present design target, with possible advantages for the fusion performance.
Since the EHO is postulated to be a saturated kinkpeeling mode, nonlinear simulations of the pedestal stability are required to model QH-mode. Recently, the JOREK code has been used to investigate the EHO nature [27] [28] [29] in DIII-D plasmas, with the goal of later applying the code to simulations of QH-mode in ITER. JOREK is a nonlinear resistive MHD code that has been used extensively to elucidate the 
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behavior of the H-mode edge. JOREK uses a reduced MHD model with realistic X-point configuration in general toroidal geometry. The code solves the visco-resistive MHD equations including diffusive particle and heat transport to evolve in time the poloidal flux, vorticity, density, and temperature, with options to include parallel rotation, and ideal wall or realistic resistive wall boundary conditions outside the separatrix. 30 When utilized for nonlinear simulations of DIII-D QH-mode plasmas, JOREK calculations show low-n kinkpeeling modes growing to a saturated level, consistent with the working hypothesis on the EHO nature. An example is shown in Fig. 16 . In the JOREK simulations discussed here, the initial state is the kinetic equilibrium reconstruction of a DIII-D QH-mode discharges (#145117) during a phase with ITER-relevant NBI torque and relatively high density. The radial profiles of the particle and energy diffusivities are chosen so that the JOREK equilibrium (n ¼ 0) profiles approximately match the experimental profiles when the out-flowing density and heat are compensated by the central heat and particle source described by a simple model. These particle and energy diffusivities are then assumed constant during the non-linear evolution of the instabilities. Figure 16 (a) shows the time behavior of different low-n modes over several milliseconds, and Fig. 16(b) shows the resultant perturbation of the poloidal flux in the saturated state. Note that, although higher n modes are linearly more unstable, the nonlinear evolution leads to a saturated final state with lower n kink-peeling modes (n ¼ 1) most unstable. This is consistent with the observation that the EHO is often dominated by the n ¼ 1 component. Furthermore, JOREK finds that the linearly independent modes become locked in phase resulting in one non-sinusoidal oscillation containing multiple toroidal harmonics, illustrated by the inset in Fig.  16(a) with the frequency spectrum of predicted density oscillations. Qualitatively, this is indeed a typical measured EHO spectrum. The frequency of the simulation is about a factor two lower than typically measured because these simulations did not include toroidal rotation. The real frequency of the kink-peeling modes results here from the E Â B flows from the nonaxisymmetric fields of the modes themselves. The addition of a parallel rotation profile, as an approximation of the experimental toroidal rotation, in general does not change the results significantly. These results are in contrast with the original hypothesis on the EHO nature conjecturing that a kink peeling mode would saturate because of the mode growth reducing the destabilizing effect of rotational shear. Saturation in the JOREK simulations is likely the result of density transport and/or the breaking of magnetic flux surfaces just inside the separatrix (discussed later in this section). These and other hypotheses are currently being investigated.
As the instability grows, transport is enhanced; therefore, the equilibrium profiles evolve away from the initial state [ Fig. 16(c) ]. This means that the final state of these JOREK simulations cannot be compared directly to the experimental QH-mode used for initial input. In a different approach, the particle and energy diffusivities could be determined such that the final state of the nonlinear simulation matches the input experimental profiles. To accomplish this would require iteratively running many non-linear simulations, adjusting the diffusivities after each run until the desired n ¼ 0 state is attained. This however would be a very time consuming approach that may not converge, and it is reserved for future work. Since the initial experimental equilibrium is a relatively high density QH-mode, and the predicted saturated state is a lower density equilibrium, comparisons to experimental observations are carried out with respect to typical low density QH-mode plasmas, and are intended as mostly qualitative at this stage.
The density perturbations resulting from the saturated kink-peeling modes in JOREK have been compared to measurements in QH-mode plasmas with n ¼ 1 dominated EHO. The simulated perturbations reproduce characteristics typical of EHO measurements. Figure 17 compares JOREK simulations with density oscillations measured by the DIII-D microwave reflectometer. The scanning frequency microwave reflectometer 31 can measure the radial density profile along the outboard midplane [as shown in Fig. 16(b) ] with high time resolution of up to $25 microseconds, sufficient to resolve the oscillation caused by the EHO rotating past the diagnostic at $4 kHz. The figure compares edge profiles at three phases of the density oscillation corresponding to minimum, intermediate, and maximum perturbed poloidal field measured by fast magnetic probes. Both measurements and simulations show a near-rigid displacement of the density profile (note the similar displacement magnitude), suggesting that the perturbation may be due to a rotating kink-like Fig. 16(b) ], but it is also observed on the time averaged reflectometer data. The flat spot in the time-averaged density profile is also reproduced in the JOREK simulations of the saturated kink-peeling modes. An understanding of this flat spot may be drawn out of the Poincar e section of field lines in the poloidal plane near the X-point shown in Fig. 19 . Notice how the magnetic perturbation of the saturated kink modes leads to a significant ergodic region already for q > 0:8, with some small, embedded remnant islands. However, only outside q $ 0:95, the field lines are poorly confined (large radial excursions and short connection length to the wall). This region of strong ergodic transport is consistent with the location of the flat spot observed in the density profiles. Unlike a single magnetic island, an ergodic layer is nearly axisymmetric, thus it can result in a flat spot in the time averaged profiles. The formation of an ergodic region in the plasma edge may play a key role in the kink-peeling mode saturation leading to the EHO in QH-mode plasmas. Further work is needed to understand the precise saturation mechanisms. More details on the effect of ergodization on the energy and particle transport in the JOREK non-linear simulations of these DIII-D QH-mode plasmas can be found in Ref. 29 .
V. QH-MODE PARTICLE TRANSPORT
A main motivation of QH-mode research has been the prospects of eliminating the pulsed ELM power fluxes to the PFCs in a fusion reactor. However, ELMs also carry out the essential function of expelling impurities from the core of the plasma. Impurities are unavoidable in a fusion reactor, for example, helium is an inherent impurity because of the fusion reaction. A buildup of impurities in the core would cool the plasma and dilute the density of the fusion fuel, thus reducing the fusion performance. It is therefore essential to evaluate the impact on impurity transport of replacing an ELMing edge with a QH-mode edge in a fusion plasma.
Building on previous work, 20 recent experiments have demonstrated that particle transport in QH-mode can be fast enough for impurity exhaust. In these experiments, a fluorine impurity was injected (as carbon tetrafluoride, CF 4 ) in plasmas of similar density, but different types of H-mode edge: ELMing, RMP ELM-suppressed, and QH-mode. 32 Fluorine was chosen because it is not normally present in the tokamak environment (non-intrinsic) and it is highly reactive, so that once it exits the plasma core it does not re-enter (non recycling). Without impurity sources other than the controlled gas puff, the impurity confinement time, s p , can be evaluated from the simple decay of the fluorine chargeexchange emission intensity following a short duration injection. 33 Figure 20 shows that the impurity exhaust rate measured in QH-mode is the same as that measured in ELMing discharge with 40 Hz ELMs and in RMP ELM-suppressed discharge, all at similar density. Notice that for ELMing discharges, the impurity exhaust is faster for higher ELM frequency. The n ¼ 1 dominated EHO in QH-mode provides much better impurity exhaust than observed in the ITER Baseline Scenario on DIII-D with lower frequency ELM ($10 Hz). This is also a typical ELM frequency for high current operation in JET.
The EHO driven impurity exhaust is found to be insensitive to the toroidal rotation. It does, however, depend on the equilibrium density, and the magnitude of the EHO amplitude. 32 Results of the dependence on the atomic number of the impurity ion are being analyzed.
VI. SUMMARY
Through a coordinated work of numerical simulations and DIII-D experiments, significant progress has been made in advancing the QH-mode operating space and physics basis, increasing confidence that QH-mode will enable high confinement, ELM-stable operation on ITER. For the first time, QH-mode has been achieved and maintained for many energy confinement times in an ITER-like shape at values of beta, confinement, and safety factor that together extrapolate to Q ¼ 10 operation in the ITER baseline scenario. Extension to ITER-equivalent NBI torque and plasma rotation presents challenges that are peculiar to the condition with parameters of b N , H 98y2 , and q 95 simultaneously matching the ITER Baseline targets. At those parameters, good error field correction is critical because plasma amplification of a residual n ¼ 1 error field can be significant. The magnetic feedback based technique of dynamic error field correction, previously only used at plasma beta above the no-wall MHD stability limit, has been successfully extended to the moderate beta of the ITER baseline scenario. However, an "infernal" mode is observed, caused by the strong counter NBI formation scenario adopted in experiments so far. Progress toward a more ITER relevant scenario includes developing a formation scenario using balanced injection, which should also ameliorate the infernal mode stability.
Also for the first time, QH-mode operation has been extended to ITER-relevant values of normalized density $80% of the Greenwald limit, overcoming the long-standing low-density limit of QH-mode operation. This has been achieved by tailoring the plasma shape to improve the edge stability as predicted by the P-B stability theory of the Hmode pedestal. Importantly, these experiments have shown that access to QH-mode is not correlated with low Greenwald fraction, and that collisionality (via its effect on bootstrap current) is the relevant density parameter. The P-B theory as embodied in the code EPED also predicted that at high density a new H-mode edge regime should be accessible with strong shaping of the plasma cross section, a regime called Super H-mode because it is characterized by about twice the edge pedestal pressure possible in standard Hmode at the same high pedestal density. The DIII-D results are in excellent agreement with these predictions, providing a new successful benchmarking of the code EPED. Applied to ITER, EPED predicts that the ITER edge will operate on the pedestal stability boundary where QH-mode can exist. Integration of high density QH-mode operation with ITER Baseline fusion performance now appears as an attainable goal for future experiments.
For the first time, nonlinear MHD simulations of a QHmode edge plasma have resulted in the prediction of a multiharmonic edge oscillation consistent with the experimentally observed EHO. These calculations, carried out using the code JOREK, confirm the hypothesis that the EHO consists of saturated kink-peeling modes. The JOREK results and comparisons with new measurements (taking advantage of the improved Thomson scattering diagnostic) have also yielded the first evidence that these saturated modes lead to an ergodic layer at the plasma edge, just inside the separatrix. While more accurate measurements and simulations are desirable, these results represent new and essential steps on the path to predictive modeling of the EHO and its effect on the edge particle transport.
Finally, recent experiments have developed a technique to compare impurity transport rates during different H-mode edge regimes, and show that QH-mode particle transport can be fast enough for impurity exhaust without ELMs. Analysis of the Z dependence of the EHO particle transport is ongoing. transition at 4796 Å , after fluorine injection and uptake in the plasma core. An exponential decay character is observed after the peak intensity in discharges without ELMs (QH-mode and RMP ELM-suppressed) and during constant ELM frequency (here 40 Hz) in an ELMing discharge. Correspondent impurity confinement time is approximately 335 ms. In the ELMing discharge, the ELM frequency increases after 400 ms and the confinement time becomes shorter.
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